The persistence of extracellular DNA (eDNA) is crucial for ensuring species diversity and ecological function in aquatic systems. However, scarce information exists about the impact of pesticides on eDNA, although they often co-exist in the aquatic environment. Using a variety of spectroscopic analyses, eDNA degradation and the associated alterations in DNA secondary structure was investigated by exposing DNase I to tested DNA in the presence of chlorpyrifos, a commonly used organophosphate pesticide. Molecular dynamics simulation was used to explore the weak interactions between the tested DNA and chlorpyrifos. The results indicated that chlorpyrifos significantly enhanced DNA degradation without affecting the enzyme activity of DNase I in an aqueous system. Spectroscopic experiments confirmed that chlorpyrifos and the analog chlorpyrifos-methyl could bind with DNA to cause the bases noncovalent stacking interaction. Molecular simulations further demonstrated that pesticide binding with DNA molecules caused widening of the DNA grooves and destruction of the hydrated layer, which enhanced DNA degradation. The findings presented herein provide novel insight into the genotoxicity and ecotoxicity of chlorpyrifos and chlorpyrifos-methyl, as well as their impacts on DNA persistence in aquatic environments.
Introduction
Extracellular DNA (eDNA) is released via cell lysis or egested by organisms as metabolic waste into the aquatic systems (Barnes et al., 2014; Ibáñez de Aldecoa et al., 2017) . Approximately 0.03-88 μg of eDNA can be recovered per liter of natural water, with the sizes of the fragments ranging from 0.12 kb (7.75 × 10 4 Da) to 35.2 kb (2.32 × 10 7 Da), and their bioavailability can persist for 6.5-25 h in various aquatic environments (Matsui et al., 2001; Nielsen et al., 2007; Torti et al., 2015) . The gene pools built from the continuous release of eDNA may be used for genetic recombination and genetic transformation in horizontal gene transfer (HGT), and contribute to evolution and speciation of prokaryotic organisms (Corinaldesi et al., 2005) . The proportion of bacteria found to take up naked eDNA is approximately 1% of the validly described bacterial species (Thomas and Nielsen, 2005) . Besides, eDNA is ubiquitous and pivotal in biofilm structural integrity, and the proximity and high cell density that are inherent to biofilms, providing a stable physical environment for cell-to-cell contacts that are important for HGT (Flemming et al., 2016; Whitchurch et al., 2002) . Interestingly, eDNA in the biofilms can also be a source of DNA in HGT (Flemming et al., 2016) . Hence, the persistence of eDNA plays a crucial role in maintaining species diversity and biological function within aquatic systems.
Many biotic and abiotic factors influence eDNA persistence and dynamics, therefore, the limits HGT frequency (Ponnuswamy et al., 2017; Thomas and Nielsen, 2005) . The integrity of DNA released from the cells depends on the activity and location of nucleases and reactive chemicals. Deoxyribonuclease I (DNase I) is released along with eDNA into aquatic systems and can cleave eDNA into smaller duplex DNA fragments of about 400 bp (Bylemans et al., 2018; Demanèche et al., 2001) . Okabe (Okabe and Shimazu, 2007) and Dick et al. (2010) have suggested that increased temperature, directly and indirectly, enhances eDNA degradation by denaturing DNA molecules and increasing enzyme activity. Borin et al. (2008) reported that hypersaline environments may affect the conformational stability of eDNA and restrict exonuclease activity, which may limit its degradation. Additionally, previous research have also shown that eDNA can avoid enzymatic stress through adsorption onto insoluble particles (e.g., clay minerals, sand, and humic substances) and thereby persist in the environment for a long period (Mao et al., 2014; Saeki et al., 2011) . From the release of eDNA to degradation, the disturbance of exogenous substances is unknown. In order to adequately illuminate eDNA fate, it is necessary to investigate eDNA degradation with exogenous substances into account in the natural process as an integral.
The exogenous pollutants from anthropogenic activities have been increasingly released into the aquatic environment, coexisting with eDNA. Recent studies have shown that organic pollutants can affect the degradation of DNA by altering enzyme activity or DNA conformation. Pollutants such as phenol, bromobenzene, and chlorobenzene have been shown to significantly increase the enzyme activity of DNase I, resulting in enhanced DNA degradation in the marine environment (Popov et al., 2003) ; however, the mechanism of this reaction has not been revealed. Our previous study indicated that phenanthrene, pyrene, and hexachlorocyclohexanes caused DNA structural changes that decelerated or accelerated DNA degradation by DNase I (Kang et al., 2010; Qin et al., 2019) . To this end, there is an urgent need to identify the contribution, if there are any, of relevant environment contaminants for further studies of eDNA persistence, and an in-depth study to understand the effects of DNA and DNase I from recognition to shear, in the presence of environmental contaminants.
Pesticides deserve a special attention because of their extensive use, their environmental persistence, and influence. Chlorpyrifos (CPY) is an organophosphorus pesticide that is extensively applied to a variety of food and feed crops (Trunnelle et al., 2014) . In 2008, the market demand for CPY in China was 18,000 tons. A nationwide survey in the United States showed that CPY was detected in 9% of samples from > 10,000 streams, with documented concentrations reaching 0.33 μg/L (Williams et al., 2014) . The half-life of CPY in pure water ranges from 29 to 74 days under standardized laboratory conditions (Kovačić and Medić, 2016) . The analogous compound chlorpyrifosmethyl (CPYM) is also widely used on crops and cattle as a restricted agricultural pesticide in many countries (Hua et al., 2010) . Both CPY and CPYM persist in farmlands and can be transported into the surface water system through runoff, presenting risks due to their toxicity in aquatic ecosystems Koureas et al., 2012) . A dearth of information has been uncovered on the effects of pesticides on DNA enzymatic degradation in aquatic systems. 3, 5, 6-trichloro-2pyridinol, a secondary metabolite of CPY hasbeen shown to bind to DNA by groove binding and cause changes in DNA structure (Kashanian et al., 2012) . However, the persistence of eDNA in aquatic systems, in the presence of these pesticides, has not been sufficiently investigated. Toward this end, the key challenge is to scale the interference of DNA deformation caused by pesticides on DNA degradation process.
Therefore, this study aimed to elucidate the effects and mechanism of DNA degradation through the binding of two organophosphorus pesticides to double-stranded DNA. The enzymatic degradation phenomena and processes of DNA exposed to DNase I and pesticides were determined by gel electrophoresis and ultraviolet-visible methods (UV-vis). Structural changes in DNA, due to binding with CPY and CPYM were confirmed using fluorescence and UV-vis, circular dichroism (CD), and Fourier-transform infrared (FTIR) spectroscopy techniques. Computational chemistry methods provided more details about molecular information on the degradation mechanism by calculating the interactions of DNA with CPY and CPYM.
Material and methods

Sample preparation
CPY and CPYM were purchased from Dr. Ehrenstorfer GmbH Co. (Augsburg, Germany). The general properties of CPY and CPYM are presented in Table S1 in the Supplementary information (SI). Salmon sperm DNA, a double-stranded DNA with an average molar mass of 1.3 × 10 6 Da (Tanaka and Okahata, 1996) , was purchased from Sigma Chemical Co. (St. Louis, MO, USA). DNase I was purchased from Takara Bio Co. (Dalian, China) . All other chemicals employed in this study were of analytical grade and without further purification. Deionized double-distilled water was used throughout the experiments. Stock solutions of CPY and CPYM were dissolved in methyl alcohol to obtain a final concentration of 1 g/L. The DNA stock solution (1 g/L) was prepared by dissolving DNA (100 mg) in 10 mmol/L Tris-HCl buffer (100 mL, pH 7.0) and stored at 4°C. The DNase I working solution was diluted in buffer solution (10 mmol/L Tris-HCl (pH 7.0), 10 mmol/L CaCl 2 , and 10 mmol/L MgCl 2 ) to 1 U/μL.
Experimental design
Enzymatic degradation phenomena of DNA by DNase I in the presence of pesticides was assayed using agarose gel electrophoresis. First, 10 μL of 1 g/L DNA solution was pipetted into a 200-μL tube, and a predetermined volume of CPY or CPYM solution was added to each tube to final concentrations of 0-2.0 or 0-4.0 mg/L, respectively. Tris-HCl (10 mmol/L, pH 7.0) was added to each tube to obtain a final volume of 99 μL, followed by incubation for 2 h at 4°C. The incubated samples were then transferred to room temperature conditions, and 1 μL of the DNase I working solution described above was added to each tube, which was thoroughly mixed and incubated for 20 min at 37°C. The reaction was stopped by adding 10 μL loading buffer (30 mmol/L EDTA, 50% (v/v) glycerol, 0.25% (w/v) xylene cyanol FF, and 0.25% (w/v) bromophenol blue), and followed by incubation in water bath at 85°C for 2 min, then loaded the mixed sample into a well of the 3% w/v agarose gel plate, electrophoresis was run at 6 V/cm. The gel was then stained with ethidium bromide (EtBr) for 15 min, then collecting photos using a Bio-Rad imaging system and Quantity One software (Bio-Rad, Hercules, CA, USA). For this experiment, 11 concentrations of CPY or CPYM were used to determine the effects of CPY and CPYM on DNA enzymatic hydrolysis. Then, 9 concentrations of methanol as control were added to the DNA solution to rule out any effects of methanol on DNA degradation.
A real-time spectral experiment on DNA degradation was performed using a FLUOstar Optima plate reader (SpectraMax i3x; Molecular Devices, San Jose, CA, USA). Sample preparation was consistent with the experiment outlined above, and the concentration of DNase I was 0.5 U/100 μL. For the measurement, 200 μL of DNA and pesticide solution containing 1 U DNase I were added to each well of a quartz plate. The absorbance of each sample in the plate was measured at 260 nm for 30 min at 37°C in 10-s intervals.
The enzymatic activity of DNase I was examined according to previously reported methods with some modifications (Tomar et al., 2014) . The DNase I and pesticides were mixed with samples for 30 min at 37°C to degrade the DNA. The activity of DNase I was positively correlated with the absorbance of the tested DNA solution. The detailed experimental procedures are described in SI.
Spectroscopic analysis
The UV-vis spectrum can be used for preliminary evaluation of the binding strength and mode of DNA with pesticides, while fluorescence quenching titration experiments can provide quantitative information about the binding strength of DNA-pesticide interactions. UV-vis spectrophotometric (Cary 5000; Varian, Palo Alto, CA, USA) experiments were conducted in Tris-HCl buffer (pH 7.0) at room temperature. The concentration of DNA was 10 mg/L, while the CPY and CPYM concentrations were 0-2.0 and 0-4.0 mg/L, respectively. After the addition of pesticides, all samples were allowed to stand for 2 h to reach equilibrium. Then, samples were transferred to 1-cm quartz cuvettes, and the UV absorption spectrum (220-300 nm) was measured in 1-nm intervals.
The binding strengths of the pesticides to DNA were determined with fluorescence quenching titration experiments (Kang et al., 2015) . The detailed experimental protocol is summarized in SI.
The binding mode or conformational changes of DNA with CPY and CPYM molecules can be derived using CD spectroscopy (Chirascan; Applied Photophysics, Leatherhead, UK). CD spectra were collected over a wavelength range of 210-350 nm at 25°C in the absence and presence of pesticides. The concentration of DNA was 10 mg/L, and the final concentrations of CPY and CPYM were 0-2.0 and 0-4.0 mg/L, respectively. The spectrum of the buffer solution (10 mmol/L Tris-HCl, pH 7.0) was subtracted from the DNA and pesticide-DNA complex spectra for baseline correction. Solutions of pesticide-DNA complex were scanned in 0.5-cm (1-mL) quartz cuvettes.
FTIR was used to evaluate and characterize the chemical structures of DNA samples to determine the binding sites of a given DNA-pesticide combination. The respective final concentrations of CPY and CPYM were 2.0 and 4.0 mg/L, and the DNA concentration was 10 mg/L. After a 2-h static suspension treatment, the mixtures were dried at −65°C. The dried samples were mixed with KBr at a ratio of 1:100. Then, the samples were tested using a FTIR spectrometer (NEXUS870; Nicolet, Madison, WI, USA). Plots of relative intensity (R i ) showed several peaks representing DNA in-plane vibrations of the adenine, thymine, guanine, and cytosine bases, as well as D-2-deoxyribose and phosphoric acid stretching vibrations, which were calculated using the following equation:
where I i is the intensity of the absorption peak for pure or complexed DNA, and I 965 is the intensity of the 965 cm −1 peak (internal reference).
Model computation
Molecular dynamics were conducted to confirm whether pesticides will affect DNA degradation via conformational changes. The threedimensional structure of B-DNA dodecamer d(CGCGAATTCGCG) 2 was downloaded from the Protein Data Bank (PDB ID: 2B0K). The optimized geometries of CPY and CPYM were calculated with Gaussian 09 using the B3LYP/6-311G (d, p) basis sets. AutoDock software was used to dock the pesticide molecule to DNA and manually insert pesticide molecules into DNA base pairs (AT, GC) as the initial structure for molecular dynamics simulation (Morris et al., 2009 ). All water molecules were deleted, as they hinder proper docking. Non-polar hydrogen atoms were merged, and Kollman charges were added using MGLTools 1.5.6 (Morris et al., 1998) . Molecular dynamics simulations were conducted using the GROMACS 2016.4 package (Páll et al., 2015) with the AMBER99SB force field for DNA and a customized force field for CPY and CPYM produced by Antechamber (Wang et al., 2006) . The system was placed in a cube-shaped box under periodic boundary conditions containing specific TIP3P model water molecules neutralized with sodium ion counterions. System potential energy minimization was performed at 100 ps to relax the structure and avoid steric hindrance in further simulations. The pressure and temperature of the system were controlled at 1 atm and 298 K using NPT simulations (100 ps). The productive molecular dynamics trajectory was obtained for a timeperiod of 10 ns. Dynamic analysis and display of results were performed using the GROMACS analysis module, VMD 1.9.3 software, Multiwfn Analyzer, Do_X3dna tool, and Origin 2016 software (Humphrey et al., 1996; Kumar and Grubmüller, 2015; Lu and Chen, 2012) .
Results
Enzymatic degradation of DNA exposed to pesticides
To assess the effects of pesticides on enzymatic degradation of DNA at different CPY and CPYM concentrations, the DNA fragment size distribution and UV light absorbance over time exposed to CPY and CPYM were determined (Fig. 1) .
In gel electrophoresis, DNA fragments travel due to the electric field from the sample-loading hole to the positive pole, and the fragment size is inversely proportional to the migration rate (Sambrook et al., 1989) . Compared to the size distribution of pristine DNA fragments in the negative control (CK) without DNase I and pesticides, the presence of DNase I resulted in degradation of DNA into smaller fragments, most of which were < 2000 bp (Fig. 1a ). In the presence of DNase I alongside CPY (0-2.0 mg/L) or CPYM (0-4.0 mg/L), smaller (< 500 bp) DNA fragments were observed ( Fig. 1a ). DNA fragments were decreased (smaller than 500 bp) with the increasing concentrations of CPY and CPYM. In Fig. S1 , with increasing methanol concentrations, the lengths of degraded DNA fragments in the 9 samples ranged from 100 to 1000 bp, with no significant difference, which ruled out the effect of methanol on DNA degradation. This result indicates that CPY and CPYM enhanced DNA degradation by DNase I.
A previous study reported that when DNA degraded into small fragments, the concealed conjugated structure of folded long-chain DNA is exposed, resulting in greater UV absorbance at 260 nm by the exposed conjugated structure compared to undegraded DNA (Sun et al., 2017 ). An increasing UV absorbance at 260 nm was detected using a microplate reader during pesticide-mediated DNA degradation ( Fig. 1b ). During 30 min of degradation in the presence of DNase I, the UV absorbance of DNA increased from 0.120 to 0.167 as the CPY concentration increased from 0 to 2.0 mg/L. Increasing the CPYM concentration from 0 to 4.0 mg/L resulted in an increase in UV absorbance from 0.085 to 0.160. Thus, the increased UV absorbance at higher pesticide concentrations suggested that the tested pesticides significantly enhanced DNA degradation and that CPYM was more effective than CPY.
Effects of pesticides on DNase I activity
To identify the mechanism of pesticides-expedited enzymatic degradation of DNA, the effect of CPY and CPYM on the DNase I activity by the spectrophotometric experiments was carried out. As shown in Fig. S2 , with increasing concentrations of pesticides, the absorbance of DNA enzymatic fragment did not increase or decrease obviously at 260 nm. Indicating the presence of pesticides did not significantly enhance DNase I activity compared to the treatment in which they were absent. Therefore, the observed enhancement of DNA degradation, in the presence of the two pesticides, could not be attributed to enhanced DNase I activity. Therefore, enhanced enzymatic degradation of DNA, in the presence of CPY or CPYM, is most likely caused by the deformation of DNA via interactions with the two pesticides, based on the physicochemical characteristics of DNA and both pesticides. Further investigations of binding and deformation between DNA and the pesticides are needed to guide the interpretation of promoted DNA degradation results.
Experimental binding of CPY and CPYM with DNA
Conjugated structures formed by the purine and pyrimidine bases of the tested DNA have a maximum UV absorption peak at~260 nm. The fluctuation of absorbance at~260 nm is due to the binding of small molecules to DNA; the loose DNA double helix indicates a phenomenon referred to as hyperchromism, whereas the hypochromism likely resulted in the DNA helical structure contraction and deformation of DNA . The UV absorption spectra shown in Fig. 2a revealed hypochromism of DNA at a wavelength of 258 nm that increased with increasing concentrations of each pesticide. In comparison to the control treatment containing DNA without pesticides, the maximum UV absorbance intensity at 258 nm decreased by 6.32% and 19.58% in treatments combining with DNA and 2.0 mg/L CPY and 4.0 mg/L CPYM, respectively, indicating a hypochromicity of the tested doublestranded DNA in the presence of both pesticides. Compared to CPY, CPYM resulted in greater hypochromicity.
The binding strength of the pesticides to DNA can be quantitatively illustrated using fluorescence quenching of DNA-EtBr following competitive binding. In general, DNA-binding agents such as the tested pesticides compete with the fluorescent probe EtBr for binding sites on DNA molecules. Thus, a reduction in fluorescence intensity can be attributed to the separation of EtBr from the DNA base pairs in competition with DNA-binding agents (Rahban et al., 2010) . This impact can be quantified by the quenching efficiency, which measures the strength of DNA binding by pesticides, and can be evaluated based on the Stern-Volmer constant (K SV ). Preliminary experiments had proved that no fluorescence was observed for pesticides in solution at room temperature. As shown in Fig. 3 , the fluorescence intensity ratio F 0 /F is linearly positively correlated with CPY or CPYM concentration, whereby the fluorescence of DNA-EtBr gradually decreased with increasing pesticide concentration. EtBr was continuously displaced from DNA base pairs by competing CPY and CPYM molecules. The higher K SV value (8.02 × 10 6 L/mol) for CPYM, compared to that of CPY (7.73 × 10 6 L/mol), indicating that CPYM had a higher substitution with DNA.
Previous research using CD spectra has shown that the positive band at 275 nm due to base stacking and the negative band at 246 nm due to right-handed helicity are a typical B-DNA conformation, and sensitive to the mode of DNA interactions with binding agents (Kypr et al., 2009; Marty et al., 2009 ). The CD spectra (Fig. 2b) displayed two distinct bands, with the negative band at 246 nm strengthened to become more negative, and the positive band at 275 nm first increased and then decreased when DNA was incubated with CPY or CPYM at increasing concentrations. Furthermore, the similar shape of all CD spectra for treatments at different pesticide concentrations (Fig. 2b) suggested that the B-form DNA conformation did not change in the presence of pesticides.
The CPY and CPYM binding sites on DNA were identified through FTIR spectral changes (intensity and shifts within the 600-2000 cm −1 range) of DNA before and after reaction with each pesticide (Fig. 2c ). Intermolecular interactions (e.g., hydrogen bonding and conjugative effects) will impact on peak position and strength (Kang et al., 2010; Shemetov et al., 2012) . The vibrational bands of DNA at 1632, 1552, 1462, and 1295 cm −1 are assigned to the nitrogenous bases such as thymine (T), guanine (G), adenine (A), and cytosine (C), respectively. The 1213 cm −1 band is allocated to antisymmetric phosphoric acid stretching of the phosphate acid backbone. The intensely sharp peak at 1036 cm −1 is the typical absorption feature of DNA D-2-deoxyribose. The absorption band at 965 cm −1 indicates a B-form conformation of DNA (Banyay et al., 2003) . Details of the observed absorption bands of DNA and their corresponding functional groups are provided in Table  S2 . Overall, no significant peak shift was observed for the vibrational bands noted above. Fig. 2c presents the R i values of DNA functional groups in different vibration bands in the absence and presence of CPY and CPYM. To eliminate error in the vibrational peak intensity caused by differences in the mass of the analyte in FTIR experiments, the R i value can be corrected based on an internal reference and used to measure the degree of peak intensity change. The CD spectra shown in Fig. 2b indicated that the B-form DNA conformation was involved in binding of the two pesticides. Therefore, the intensity of the peak at 965 cm −1 was used as an internal reference. Compared with the R i value of DNA + CPY and DNA + CPYM with DNA, the absorption bands of the former combination near D-2-deoxyribose (1036 cm −1 ), C (1295 cm −1 ), G (1552 cm −1 ), and T (1632 cm −1 ) were weakened. The R i values for the C, G, and T vibrational bands in the DNA + CPYM compound changed from 0.49 to 0.43, 0.56 to 0.46, and 0.67 to 0.58, respectively. However, the DNA + CPY compound showed smaller peak intensity changes for the C and T vibrational bands and no change in the G band. Moreover, the R i values of the D-2-deoxyribose vibrational band were reduced markedly from 2.86 to 2.66 and 2.61 in the DNA + CPY and DNA + CPYM compound, respectively. In contrast, the R i values for the vibrational band corresponding to the DNA phosphate acid backbone were not altered by DNA binding with CPY or CPYM. This result indicated that the C and T bases and D-2-deoxyribose were the most likely DNA binding sites for CPY, while the C, G, and T bases and D-2-deoxyribose were likely binding sites for CPYM.
Simulated binding of CPY and CPYM with DNA
The DNA-CPY/CPYM interaction mechanisms observed in the laboratory experiments were subsequently simulated and confirmed using computational chemistry. Based on the spectroscopic experiments, the intercalative-binding structure containing the manually inserted pesticide molecules into the DNA base pairs (AT, GC), and docking results (groove-binding structure) as the initial structure for molecular dynamics simulation (Fig. 5a ). Using the last frame of the dynamic simulation, the gradient isosurfaces and related plots of the interactive force types between the two pesticides and DNA were analyzed using the independent gradient model, and are displayed in Fig. 4a, b . These results could be used to characterize the various weak attractions between DNA and the pesticides based on isosurfaces colored on a blue-green-red scale according to values of sign(λ 2 )ρ ranging from −0.05 to +0.05 au, where δg inter is proportional to the binding strength of DNA and pesticides (Lefebvre et al., 2017) . The blue, green, and red colors bar directly indicate attractive interactions (e.g., hydrogen bonding and halogen bonding), van der Waals interactions (e.g., dispersion force and weak repulsive force), and strong repulsive non-bonding overlap, respectively (Johnson et al., 2010) .
In groove-binding mode (Fig. 4a ), CPY and CPYM molecules reacted with DNA mainly through dispersion interaction, as indicated by the green isosurface area, as well as through the formation of weak hydrogen-oxygen bonds with D-2-deoxyribose in DNA. In intercalativebinding mode (Fig. 4b) , both CPY and CPYM showed dispersion interactions (weakening hydrogen-chlorine and hydrogen-sulfur bonds) with D-2-deoxyribose. Visual gradient isosurfaces of base-pesticide interactions showed moderate van der Waals attractions, whereby weak hydrogen-oxygen, hydrogen-chlorine, and hydrogen-sulfur dispersion interactions allowed CPY binds to C and T, while CPYM could bind to C and G. Notably, the pyridine ring of CPYM could form a significant π-π interaction with the G base of DNA, similar to the stacking of consecutive base pairs in duplex DNA, while the pyridine ring of CPY was prevented from fully entering the base pair. Overall, the computational simulations reveal that CPY and CPYM bind efficiently with bases (C, G, and T) and D-2-deoxyribose in DNA through dispersion interactions.
To evaluate the binding stability of DNA with CPY or CPYM, the root-mean-square deviation (RMSD) values of pesticides relative to DNA were calculated (Fig. 4c ). Smaller RMSD values indicate more stable binding (Moraca et al., 2017; Treesuwan et al., 2009) . As shown in the two plots of Fig. 4c , CPY had a stable relationship between minor grooves (RMSD = 0.27 nm) and base pairs (RMSD = 0.32 nm), while CPYM was more flexible within minor grooves (RMSD = 0.65 nm) and more stable in base pairs (RMSD = 0.31 nm). These results indicate that CPY can form a stable bond with DNA through both groove binding and intercalation, while CPYM can form a stable bond with DNA through intercalation, but bonds less stably with DNA through groove binding.
To illustrate the effects of pesticides on DNA structure, we focused on three main parameters: DNA structural disorder, DNA minor groove width, and the density of water molecules around DNA. Using pure DNA as a reference, stability in the DNA structure was evaluated using the RMSD relative to itself (Galindo-Murillo et al., 2015) . The two plots in Fig. 4d show the RMSD values of DNA in the presence or absence of the pesticides. Compared with the DNA-only solution (average RMSD = 0.13 nm), intercalative binding of pesticides significantly enhanced the looseness of the DNA structure, resulting in average RMSD values of 0.22 and 0.23 nm for DNA-CPY and DNA-CPYM, respectively. In contrast, the corresponding average RMSD values for groove binding of DNA-CPY (0.12 nm) and DNA-CPYM (0.13 nm) suggest that this reaction mechanism is less effective. These results indicate that the DNA helical structure is loosened by the combination with these pesticides, primarily through intercalative binding. The real-time distances of the major groove and minor groove of DNA are shown in Fig. 5b . The average groove distances for DNA positions throughout the whole simulation were calculated (Table S3 ). In groove-binding mode, fluctuations of the minor groove distance (blue line) around the binding sites (marked with black dotted rectangles) were relatively stable compared to those of DNA without the two pesticides, while major groove distances (red line) were unaffected. Furthermore, the average distances of the minor and major grooves were similar. In the intercalative-binding mode, the average distance between the minor and major grooves of DNA around the binding site increased significantly with pesticide binding. During binding with CPY and CPYM, the DNA minor groove distance increased from 12.69 to 13.53 and 15.12 Å (position number 4), 11.22 to 12.44 and 13.35 Å (position number 5), and 10.61 to 12.87 and 12.14 Å (position number 6), respectively, while the major groove distance at the corresponding position was also extended by 3.00 and 2.36 Å (position number 4), 5.01 and 5.06 Å (position number 5), and 2.65 and 3.76 Å (position number 6) (Table S3 ). This result suggests that groove binding between DNA and the two pesticides generally stabilizes the minor groove width, while intercalation enlarges the minor and major groove distances, supporting the loosening of the DNA structure.
The radial distribution function was used to calculate the probability g(r) of water molecules being present at a certain distance (r) from a DNA molecule ( Fig. 6 ):
where N is the total number of water molecules, V is the system volume, and n(r) is the number of water molecules within the range r ± Δr/2. DNA double helix has an average radius of 1.0 nm, the probabilities of water molecules between 0-and 1.0 nm can be used to characterize the presence of water molecules in DNA grooves. We used the probability of water molecules 0.7 nm from the center of mass of a DNA molecule as an example (Fig. 6 ). For groove binding of DNA with CPY and CPYM, the probabilities of water molecules appearing around the DNA molecule were 0.716 and 0.724, respectively, both lower than that for DNA in the absence of pesticides (0.743). Meanwhile, there was a non-significant change in the probability (0.745) of water molecules existing around a DNA molecule bound to CPY or CPYM through intercalation. Because both CPY and CPYM are hydrophobic, their interaction with DNA through groove binding may significantly reduce the probability of water molecules surrounding the DNA molecule, resulting in dehydration of the DNA grooves.
Discussion
The quantification of the relationships between eDNA degradation and the environmental contaminant has not yet been determined; however, degradation is likely associated with DNA deformation and hydrophobicity (Brukner et al., 1990; McDermott et al., 2017) . In this study, our goal was to use spectroscopic and computational chemistry techniques that explored DNA deformation and hydrophobicity while further elucidating the mechanism of CPY-and CPYM-promoted enzymatic degradation of DNA. Research carried out on DNA degradation rates has been scanty; however, this is one of the first studies (see Kang et al., 2010) to consider the degradation of DNA by organic contaminants, and we expect this approach to be valuable for affecting species diversity and ecotoxicology in aqueous systems. 
Physicochemical characteristics of DNA in the presence of pesticides
The insertion of the CPY and CPYM molecules into DNA base pairs likely results in the destruction of these conjugated structures and the overlapping π electron cloud of the DNA bases, resulting in the observed hypochromicity (Karami et al., 2018; Kesavan et al., 2017; Nwokeoji et al., 2017; Shujha et al., 2010) . Pyridine ring-containing compounds (e.g., 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine and 2,2-dipyridyl) have been reported to intercalate into DNA base pairs (Andersson et al., 2013; Brown et al., 2001) , suggesting that the binding pocket of DNA could permit CPY and CPYM, which also contain pyridine ring structure, to be substituted EtBr molecule between base pairs of the tested double-stranded DNA.
The orientation of the induced peak is often correlated with the binding mode of DNA-binding agents. Groove binders have been reported to cause a powerful positive change in the CD spectrum, whereas intercalating agents can lead to a negative shift in the CD spectrum (Grueso et al., 2012; Hebenbrock et al., 2018) . The negative strengthening of the 246 nm band reveals an intercalative binding mode between DNA and the two pesticides, as well as the buckling of the righthanded helicity with increasing pesticides concentration. Increased base stacking due to intercalation of planar molecules into DNA base pairs has been confirmed previously (Qais et al., 2017) . Because both positive and negative peak vibrations were observed in the CD spectra, it is highly likely that CPY and CPYM interact with DNA in both groovebinding and intercalative binding coexistent mode (at low pesticide concentrations) and an intercalative binding mode (at high pesticide concentrations).
Multiple atoms (chlorine, sulfur, nitrogen and oxygen atoms) in CPY and CPYM molecules could act as weak hydrogen bond donors or acceptors. Besides, the weak hydrogen bond formation would cause the electric polarity migration of base-pesticide conjugated structures to weaken the dipole moment of DNA functional groups. It was reported that binding of various functional groups in DNA by carboplatin and oxovanadium ions could decrease the dipole moment between the bonding atoms at the binding site, resulting in decreased absorbance intensity in the vibrational bands of the affected DNA functional groups (Ahmed Ouameur et al., 2006; Jangir et al., 2010) . The FTIR data proved that two pesticides bind with DNA through the weak hydrogen bond, weakening the dipole moment of functional groups.
Mechanism of CPY-and CPYM-promoted enzymatic degradation of DNA
Using molecular dynamics simulation, we obtained information on the DNA deformation and pesticides binding sites at the molecular level. The indirect exploration of DNA structure by pesticide molecules can also explain its mechanism of promoting DNA enzymatic degradation. In the analysis of the interaction force between the pesticide and the DNA binding site, the binding site is surprisingly consistent with the results of the FTIR spectrum; pesticides are bound with C, G, T bases and D-2-deoxyribose via dispersion interactions. CPYM is unstable in DNA grooves when assessing binding stability. However, the conformation advantage makes CPYM easier to intercalate the base pairs and stabilize by π-π interaction, making up for the lack of instability in the groove binding. Interestingly, the doubling of the rise, buckling of the base pairs flanking the intercalation site in intercalativebinding mode, which verified the changes of DNA base stacking and right-handed helicity in CD spectrum. Deformation and hydrophobicity are the main factors that may cause differences in DNA degradation. Ivan Brukner et al. found that the expansion of the DNA minor groove led to easier recognition by DNase I (Brukner et al., 1990) . Moreover, the findings of McDermott et al. showed that non-polar molecules could destroy the hydration layer structure around DNA (McDermott et al., 2017) . Additionally, Jayaram et al. proposed that water released from DNA interfaces would favor protein-DNA binding (Jayaram and Jain, 2004) . Altogether, the simulation results have confirmed that, in the presence of pesticide molecules, the groove width of DNA is enlarged, and the hydration layer on the DNA surface is destroyed, which is the main factor of DNase I to recognition DNA.
Conclusions
Collectively, this set of experiments advances understanding of some factors and processes that promote eDNA degradation when organophosphorus pesticides were released into the environment and coexisted with eDNA. The enhanced hydrophobicity of the DNA groove upon binding with CPY and CPYM promotes the recognition and binding of DNA by DNase I. Meanwhile, both CPY and CPYM can expand the distance of the DNA groove through intercalation. The expansion further contributes to binding of the DNase I functional domain to the minor groove and facilitating the DNA strand-cutting action of DNase I, thus, ultimately enhancing eDNA degradation in the presence of CPY or CPYM. Our results suggest that legacy pesticides such as organophosphorus pesticides may regulate residual genes in our environment. This investigation uncovers the beneficial approach of combining experimental observations with molecular computation on interactions of eDNA and contaminants in the understanding of the interface mechanism and risks of both DNA and contaminants. In future studies, the relationship between eDNA and target pollutant in natural aquatic environments needs to be further studied. Also, eDNA is more heterogeneous and could also be bound to other molecules (e.g., protein, polysaccharide), which can alter the accessibility of CPY/CPYM to the DNA. It is, therefore, necessary to place the in vitro results in the context of more complicated aqueous systems.
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